Abstract: Four 6-aminopenicillanic acid moieties were grafted at either rim of calix [4] arene, giving 2 novel generations of penicillin, which were named calixpenam. Antibiotic tests showed that they have amplified activity with respect to the corresponding penams against 3 gram-positive nonpenicillinase-producing strains of Streptococcus.
Introduction
The resistance of infective bacteria to present antibiotics demands research assigned to the discovery of new drugs in the antibacterial drug field. Penicillin was the first antibiotic, but Staphylococcus aureus and Streptococcus pneumoniae have resisted it.
1,2
Streptococcus pneumonia is an important infectious agent, representing a significant cause of pneumonia and the other corresponding diseases. Seven million cases of otitis media, 500,000 of pneumonia, 50,000 of bacteremia, and 3000 of meningitis are attributed to S. pneumonia each year in the USA alone. 3 The discovery of penicillin in 1928 by Alexander Fleming initiated the use of antibiotics to fight human diseases. The development of penicillins (penams) was due to the discovery and identification of the penicillin nucleus, 6-aminopenicillanic acid (6-APA) with a 4-membered lactam ring (β -lactam) and thiazolidine ring, which was isolated from culture of Penicillium chrysogenum. All penicillins are β -lactam (6-APA core) antibiotics and are used against several bacterial infections. 4 However, semisynthetic penams have been synthetized by acylating of the 6-APA amino group with various acid derivatives ( Figure 1 ). Penicillins are effective against diseases caused by gram-positive bacteria (streptococcus, pneumococcus) and other infectious agents. They are not effective against the majority of gram-negative microorganisms (E. * Correspondence: k.adilmaghani@urmia.ac.ir coli ). 5 These drugs act as antibiotics by suppressing the final steps of the synthesis of the bacterial cell wall.
6
It is accepted that the pharmacological activities of penicillin are associated with the conformations of the thiazolidine ring and of the acylating agent.
7
Phenoxymethyl penicillin or penicillin V (Figure 1 ) is a natural acid-resistant penam and is used for oral consumption. It is effective against gram-positive (streptococcus, pneumococcus) and other microorganisms and is available from culture of the fungus P. chrysogenum.
5
p -Hydroxybenzyl penicillin or penicillin X (Figure 1 ), like penicillin G, is susceptible to penicillinase, and can be produced in culture by strains of Penicillium notatum or chrysogenum as a natural penam. Like penams G and V, it is active against gram-positive and in some cases is even more effective than penicillin G and the other penicillins. 8 It is thought that antibiotic resistance is unavoidable, but medicinal chemistry can slow it down through development of new antibiotics. There should be many strategies in order to develop new drugs.
These reasons prompted us to synthesize novel generations of penams by using a firm molecular platform for the demonstration of the penicillin cluster. This idea could result in novel molecular structures with enhanced effects and antibiotic activities in comparison to single penicillin units. It is attributed to their high density antibiotic surface and synergistic effect of cluster arms.
Calixarenes have many structural characteristics that are preferable for the design and development of new drugs. Recently, due to calix [4] arene's limited toxicity, they have been used in the biological field as building blocks or molecular scaffolds.
9−34 For medical applications, the toxicity of molecules is evidently a key factor; to date, the calixarenes have shown neither toxicity nor immune responses.
9−36
We noticed that there are only 2 reports 37,38 in the literature regarding the application of calixarenes in the field of β -lactam drugs. In them, calixarene is not used as a drug structure, but as a drug dispenser.
Here we wish to report the synthesis, characterization, and antibacterial activities of calix [4] arene derivatives, possessing four 6-APA units at either rim of the scaffold in all-syn orientation. The synthetic strategy involves grafting of the 6-APA moieties via the formation of an amide bond between the calixarene platform and the 6-APA arm.
Results and discussion
Compounds 2 and 3 were initially chosen as the core structures with a cone conformation for grafting of the four 6-APA on one rim of the platform. Compound 2a was prepared according to Gutsche et al.'s method, 39, 40 including Mannich dimethylaminomethylation of calix [4] arene, and quaternization of amines followed by eliminative nitrilation and acidic hydrolysis of nitrile groups to the corresponding tetraacid-calix [4] arene. Compound 3a was synthetized by the procedure of McKervey et al. 41, 42 involving the transformation of calix [4] arene into the corresponding ethyl ester and basic hydrolysis of ester groups.
The synthesis of calixpenams 4 (CP X) and 5 (CP V) is depicted in Scheme 1. We chose soft conditions in the coupling reaction in order to avoid probable β -lactam degradation. It is clear that acid chlorides as acylating agent are not preferred for this reaction because of problems due to their sensitivity to water purification, low yield of the acylation reaction when using them, and problems in providing a lowtemperature acylation reaction (∼ −20
• C). Thus, we chose a controlled peptide-bound formation process that would involve the use of 2,2'-dibenzothiazole disulfide (DBTDS) as a carboxylic acid activator in the presence of triphenylphosphine (TPP) as reducer and triethylamine (TEA) as catalyst. 43 The method for calixpenams synthesis has several advantages over the acid chloride method: easy handling, very mild reaction conditions, high yield, no need for further purification of the acylating agent (thioester), and ambient temperature for the reaction. In the first step, the product is an active thioester (Scheme 2) that is insensitive to aqueous media and is very stable for isolation as the crystalline form. As shown in Scheme 2, the thioesterification is a redox condensation. Initially, the S-S bond of DBTDS is broken up by TPP (reduction step), which is followed by its oxidation into triphenylphosphine oxide (TPPO) (oxidation step). Polarity increased from the reactants to the transition state during the reaction process. Thus, polar solvent could stabilize the transition state and reduce the activation energy, which would accelerate the reaction effectively (positive effect); on the other hand, due to reaction of protonic solvents with the anions (MBT¯), and decline of its nucleophilic property (negative effect), dipolar aprotic solvents such as acetone are suitable for this reaction.
The reaction occurs only in the presence of base (TEA). It is attributed to an increase in the nucleophilic activity of DBTDS in basic condition, which is a positive factor for the reaction.
In the aminolysis reaction for the synthesis of calixpenams, 6-APA is added to a water-immiscible inert organic solvent such as dichloromethane (DCM), followed by addition of the base, and then the activated thioester (2b or 3b) is added to the reaction mixture and stirred until completion of the reaction to give the corresponding calixpenams. Due to the low amount of impurities, triethylamine is a better choice of base compared to other tertiary amines.
In the aminolysis reaction, TEA also serves to dissolve 6-APA in the form of triethyl ammonium salt and will catalyze the reaction. The final products were obtained in the form of the corresponding triethylammonium salt with good yield, followed by simple extraction with water, while 2-mercaptobenzothiazole (MBT), obtained as a by-product, remained in the organic phase (DCM). The aqueous extracts were acidified to obtain the acid form of the product. Finally, to increase the solubility of the final products in chloroform (recording of NMR spectra) and water (in-vitro antimicrobial susceptibility testing), their potassium salt forms were prepared. The products' structures were characterized by IR, NMR, and ESI-MS spectra and elemental analysis. 46 The results of these tests are shown in Table   1 . As shown in Table 2 , clusters 4 (CP X) and 5 (CP V) showed more antibiotic activities than the reference monomers 6 and 7 (5-to 6-fold increases were observed). The numbers in Table 2 indicate the MIC ratio of calixpenam and its corresponding monomer and they describe the increase in antibacterial effects from the monomeric penicillin to calixpenam. The values are only slightly more for CP X than for CP V. This is attributed to the larger contact surface of CP X with the bacterial membrane than CP V, due to the size of the wider upper rim of calixarene compared to the lower rim.
Conclusion
In summary, the present work describes the first examples of calixpenams with efficient antibiotic activities. These compounds could be considered as novel antibiotic structures with high density antibiotic surfaces. The results of the present study demonstrate a noteworthy increase in antibacterial properties from the monomeric penicillins (6 and 7) to their corresponding tetrameric cyclic isomers (4 and 5). This is attributed to tethering and arraying of four 6-APA arms at either rim of the calixarene cores (CP X and CP V), which causes a synergistic effect in interactions with the bacterial cell wall for creating effective antibacterial activity.
Experimental

General
The melting points of all compounds were recorded on a Philip Harris C4954718 apparatus without calibration. IR spectra were determined on a Thermo Nicolet 610 Nexus FT-IR spectrometer with KBr disks. Ultraviolet spectra were recorded on a Shimadzu UV-2401/PC spectrometer.
1 H NMR (400 MHz) and 13 C NMR (100 MHz) measurements were recorded on a Bruker AM-400 spectrometer in CDCl 3 using TMS as the internal reference. Elemental analyses were obtained on a PerkinElmer 240c analyzer. Mass spectra were recorded on a JEOL-JMS 600 (FAB MS) instrument. Thin layer chromatography (TLC) analyses were carried out on silica gel plates. All chemicals were purchased from Merck (Tehran, Iran) and used as received by standard procedures.
Thioesterification: procedure for the synthesis of compounds 2b and 3b
2,2'-Dibenzothiazole disulfide (3.32 g, 10 mmol) and triphenylphosphine (2.63 g, 10 mmol) were suspended in acetone (30 mL), and then stirred for 30 min at room temperature. After addition of tetraacid 2a or 3a (500 mg, 0.76 mmol), triethylamine (1.65 mL, 12 mmol) was gradually added dropwise into the mixture over 15 min. Then the mixture was stirred overnight at room temperature and finally was refluxed 12 h. After the mixture was cooled, the formed precipitate was filtered, washed with cold acetone, dried, and recrystallized from CH 2 Cl 2 /acetone to give pale fine powder of the target thioester 2b or 3b, respectively. The expanded structure of MBT moiety is shown in Figure 2 . 1690 (C=O). The expanded structure of 6-APA is shown in Figure 3 . 
Preparation of final products for antimicrobial susceptibility testing and NMR spectra recording
Distilled water (20 mL) was added to compound 4 or 5 (150 mg). The cooled and stirred mixture was titrated in an ice-bath with 0.25 N KOH to pH 7.2. The mixture was concentrated under reduced pressure at room temperature and lyophilized (freeze-dried) to yield the potassium salt of 4 or 5 as amorphous powder.
Recrystallization from acetone/water afforded pure salt.
Bacterial strains
In the present study, microbiological tests were carried out with compounds 4−7 against 3 gram-positive nonpenicillinase producing strains of Streptococcus including S. pyogenes ATCC 19615, S. agalactiae ATCC 12386, and S. pneumonia ATCC 49619.
Antimicrobial susceptibility testing (AST)
For determination of minimum inhibition concentration (MIC), suspensions were prepared by suspending 
